Four acceptor-donor organic conjugated molecules based on thieno [3,4-b]pyrazine-terthienyls were analyzed in order to explore the effect of the donor substituent on their molecular structures, electronic and optical properties. Density Functional Theory (DFT) and Time-Dependent Density Functional Theory (TD/DFT) calculations were carried out employing the B3LYP hybrid functional in combination with the 6-31G(d,p) basis set. The results suggests that the addition of electron-donating substituents to the conjugated molecules can diminish their energy gap value, which is beneficial to the photon harvesting. The lowest-lying absorption spectra of compounds substituted with electron donor groups exhibited a red-shift and a high oscillation factor compared with the unsubstituted molecule. Additionally, the ionization potential (IP), electron affinity (EA), reorganization energy (λ) and open-circuit voltage (V oc ) of the molecules were evaluated. According to these values, the molecules show good photovoltaic properties, and efficient charge transfer for hole and electron and balanced charges.
INTRODUCTION
During the past few years, the development of new narrow band gap π-conjugated polymers has attracted a great interest. These materials can be used in the fabrication of efficient organic light emitting devices (OLED), organic photovoltaic cells (OPC) and organic field-effect transistors (OFET).
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3 Thus, it is not so strange that many researchers have devoted significant efforts to develop methods and procedures oriented to control the band gap values of these conjugated materials. A common strategy to design low band gap polymers is the synthesis of polymers by alternating electron-rich (donor) and electron-deficient units (acceptor). Thus, these polymers can be used to build internal donor-acceptor (D-A) structures along a polymer backbone. [4] [5] [6] [7] [8] [9] However, the design of polymers with small optical gaps remains as a challenge; because these materials have to lead to efficient exciton dissociation and simultaneously maintain large open-circuit voltages together with large short-circuit currents. [6] [7] [8] [9] D-A π-conjugated materials exhibit small optical band gaps, which are useful in the fabrication of OPC devices. Nevertheless, recently there is an increased interest in the synthesis of new small D-A molecules, due to their advantages such as high purity, definition and well-ordered molecular structure, and intrinsic monodispersity. Among these D-A small molecules, the family of thieno [3,4-b] pyrazines can be used as excellent precursors for the production of low band gap conjugated oligomers/polymers. [10] [11] [12] [13] Thus, a detailed investigation at the molecular level would allow us to analyze the influence of electron-donor substitution on the physicochemical properties of thieno [3,4-b] pyrazines based on terthienyl system. In this sense, the Density Functional Theory (DFT) has been applied successfully to study the electronic properties of π-conjugated polymers to evaluate their optical band gaps. [10] [11] [12] [13] Therefore, in this work, we present a theoretical DFT study of four D-A conjugated compounds based on thienopyrazine-terthienyls (TPRi, i=1-4), see Figure 1 . The ground and charged states of all the oligomers are analyzed using the B3LYP functional, and the low-lying excited state will be examined using TD-DFT with the 6-31G(d,p) basis set. In addition, the energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) levels, band gap energy, charge-carrier transport, absorption wavelengths and emission wavelengths of studied molecules are evaluated in this work. In addition, we explore the effects of the electron-donor substituent on the electronic and photophysical properties of the resulting D-A molecules. We consider that all this fundamental information is valuable in designing and making promising materials for the building of optoelectronic devices. 
METHODS

Theoretical background
The intermolecular transport of charge carriers can be seen as a charge hopping process. This process can be described as an electron or hole transfer from a charged molecule to an adjacent neutral molecule, which can be represented by a self-exchange reaction as follows: (1) where M± denotes the molecule in the cationic and anionic states and M* is the neighboring molecule in the neutral state. The calculation of the electronic hopping rate K CT for this self-exchange reaction is given by equation (2), according to the semi-classical Marcus theory, 14, 15 which has been previously used. 16, 17 (2) k B and T are the Boltzmann constant and temperature, respectively, λ is the reorganization energy and is the electronic coupling term between two adjacent molecules, often called charge transfer integral. As seen in equation (2) , there are two factors λ and t determining the K CT value. However, the intermolecular charge transfer range in no crystal is rather narrow and value is very limited. Therefore K CT of charges are expected to be dominated by λ in the exponential term of equation (2) . 18, 19 On the other hand, λ could be the most important factor that governs the short-circuit current density. According to the previous equation, for an efficient charge transfer between neighboring molecules, λ should be small and can be approximated by:
where represent the total energies of the cationic (anionic) species in the optimized geometry, the total energy of the neutral molecule in the optimized geometry, the total energy of the cation (or anion) in neutral geometry and the total energy of the neutral molecule in cationic (or anionic) geometry, respectively, see Figure 2 . Electron affinity (EA) and ionization potential (IP) are the most important properties to calculate the charge injection barriers. The values of the parameters IP and EA, both vertical and adiabatic are calculated by using the following expressions: (4) (5) in these equations the subscript "a" indicate adiabatic while that the subscript "v" means vertical. Thus, IP a is the adiabatic ionization potential and IP v is the vertical one. Similarly, EA a is the electron affinity evaluated adiabatically while EA v is the evaluated vertically. On the other hand, the extraction potential for electron (EEP) and hole (HEP) for the studied compounds are calculated by using the equation (6): (6) Comparing the reorganization energies with the short circuit current density, it can be evaluated as: (7) where value depends on the charge collection efficiency and the electron injection efficiency ( )which is related to the ∆G injection . Moreover, it is possible to evaluate the light harvesting efficiency (LHE), which is directly linked with and has to be as high as possible to maximize the photo current response. LHE can be expressed as: 20, 21 (8) where f is the oscillator strength of the oligomers associated to the maximum absorption of charge transfer interaction. Also, it is important to consider that the sunlight-to-electricity conversion efficiency (PCE), is evaluated through the open-circuit photo voltage (V OC ), J SC and the fill factor (FF) as compared to the incident solar power (P in ). The PCE can be written as: (9) Therefore, from equation (9) 
Computational methods
All the calculations were performed with the Gaussian 09 package. 23 The density functional theory (DFT) with Becke's three-parameter functional and Lee-Yang-Parr functional (B3LYP), [21] [22] [23] [24] [25] [26] and the 6-31G(d,p) basis set were employed to investigate the optimization of structures in the gas phase, without any symmetry constrains. The excitation energies and oscillator strengths of the oligomers were obtained by TD-DFT, in the gas phase, in conjunction with a polarizable continuum model (PCM), [27] [28] to evaluate the effect of the solvent (Chloroform). In addition, various properties of these compounds, such as ionization potentials, electron affinities, hole extraction potential, electron extraction potential and reorganization energy (λ), were derived from B3LYP/6-31G(d,p) single point calculations.
RESULTS AND DISCUSSION
Ground state geometries
Probably, the major obstacle to the understanding of fundamental properties of conducting polymers is the lack of enough detailed structural data. In order to determine the geometrical parameters (bond lengths (di) and dihedral angles (θ i )), the molecules were fully optimized in their ground states at the B3LYP/6-31G(d,p) level of theory. 29 All these parameters are summarized in Table S1 of the supporting information. The bond lengths and inter-cyclic bond angles do not suffer significant variation with the change of substituent in the oligomers. As shown in Table S1 (see the Supporting Information), the inter-ring bond lengths (di) are in an average of 1.437 Å for d1, 1.434 Å for d8, and 1.463Å for d12. The B3LYP optimized structures of TPRi, i = 1-4 are presented in Figure 3 . The results of the optimized structures revealed that the molecules have almost planar conformations, 10, 30, 31 and the terthienyl backbones adopt a predominately S-trans configuration analogous to α-terthiophene. 32 The dihedral angles (θ 1 ,θ 2 ) between thiophene rings and the thieno [3,4-b] pyrazine ring were (176°,176°) for both TPR1 and TPR 2 , (177°,173°) for both TPR 3 and TPR 4 , while the dihedral angle θ 3 is anti-left side with a value close to 168° for TPR 2 and 157° for both TPR 3 and TPR 4 . Examination of the non-bonded distances between sulfur and nitrogen (see Figure 3) shows that these distances (3.05 Å) are significantly shorter than the sum of the van der Waals radii of sulfur and nitrogen (3.35 Å). 
Doped structures
The cationic and anionic geometries of TPRi, i=1-4 were optimized at the B3LYP/6-31G(d,p) level of theory and the bond lengths and dihedral angles are compiled in Table S2 (see the Supporting Information). If one compares the values reported in Tables S1 and S2, it is possible to note that the dihedral angles θ i , i=1-3 of each molecule in cationic and anionic states is increasing and they are tending to be more planar than their corresponding neutral ground states. Also, note that the distance d S-N between the sulfur and nitrogen atoms is shortened. Last results suggest that the oxidation or reduction of these molecules improved their planarity and forced the attractive interactions between sulfur and nitrogen atoms. To elucidate the difference in geometries between neutral and doped states, we present in Figure 4 the variation of the bond length values of the oligomer in their neutral and ionic forms labeled with the number of bond.
In the last figure, note that the distances di, i=1-11 of the simple bonds become shorter and the double ones become longer. This variation is clearly observed in thiophene ring fused with pyrazine ring (di, i=4-8) and in thiophene ring substituted with donor moiety (di, i=9-11). On the other hand the distances di, i=12-19 of the donor units and the distances di, i=20-24 of the pyrazine ring are not affected appreciably. Thus, the optimized geometry of the cationic compound indicates the formation of the positive polaron defect localized in the middle of (thiophene-thienopyrazine-thiophene) units. A quinoid-like distortion emerges as result of the oxidation. These results are summarized in Figure 5 (A). In the anionic state of TPRi, the bond lengths values di, i=1-19 of each oligomer are changed slightly compared with their corresponding in neutral states, however the bond lengths di, i=20-24 in pyrazine ring are affected as mentioned in Table 1 . Indeed, the radical anion charge formed by reduction of TPRi is localized on pyrazine ring. Table 2 reports the values of the electronic parameters (HOMO, LUMO and band gap) calculated at the B3LYP/6-31G(d,p) level of theory for the conjugated molecules in their ground and ionic states. It is important to indicate that phenyl substituents on the pyrazine of dithienylthienopyrazine system obviously participate in the conjugated structure and red shift the absorption maximum. 34 This fact has as consequence the lowest E g evaluated for TPR1 (E g =2.275 eV) in comparison with the gaps for thieno [3,4-b] pyrazine analogues (E g =2.75 eV), 10 and 5,7-dithien-2-ylthieno [3,4-b] pyrazine (E g =2.38 eV), [35] [36] obtained at the B3LYP/6-311G(d,p) and B3LYP/6-31G(d,p) levels of theory respectively; and the experimentally reported for heterocyclic-thiophene-conjugated polymers with electron donoracceptor fragment (E g =2.47 eV). 37 The band gap value calculated for TPR4 (E g =2.069 eV) is in agreement with previous theoretical reports (E g =2.16 eV). 38 Also, note from Table 2 , that the substitution of α-hydrogen in the thiophene ring in TPR1 by different electron-rich donor groups (p-dimethoxyphenyle, carbazole and fluorene), is causing that E g in the neutral state decreases about 0.2 eV and the values of the HOMO and LUMO are being modified. The HOMO energy values of compounds TPRi, i=2-4 increases compared with the unsubstitued compound TPR1. However, the LUMO's value of the compounds analyzed practically were not modified, but a significant deviation is observed for the LUMO's value of the compound substituted with the p-dimethoxyphenyle group (TPR 2 ). Also, it is well known that the electron donor groups elevate the energy value of both HOMO and LUMO levels. 39 This result indicates that the reduction of E g is due principally to the HOMO's destabilization. Thus, the alternation of the donor and acceptor units leads to the band gap reduction. When we pass from the neutral to ionic states, the electronic properties are modified appreciably (see Table 2 ), especially in the case of the anionic state because its energy gap is decreasing about 0.7 eV compared with 0.1 eV in the cationic state. In both cases, the doping process causes that the molecules TPRi to be more conductor in its ionic state. These results indicate a diminishing of the flexibility of the structure assuring a more planar geometry.
HOMO, LUMO and gap energies
Frontier molecular orbital
It is useful to examine the HOMO and LUMO's values of these oligomers and polymers because the relative ordering of the occupied and virtual orbitals provides a reasonable qualitative indication of the excitation properties and of the ability of electron or hole transport. 40 In Figure 6 are reported the contour plots of HOMO and LUMO of TPRi, i=1-4, obtained at the B3LYP/6-31G(d,p) level of theory. As shown all frontier orbitals in the oligomers of all series under study spread over the whole π-conjugated backbone. In general, the HOMO possesses an antibonding character between the subunits. This situation may explain the nonplanarity observed for these oligomers in their ground states. On the other hand, the LUMO of all the oligomers generally shows a bonding character between the subunits. This implies that the singletexcited state involving mainly the promotion of an electron from the HOMO to the LUMO should be more planar.
Photovoltaic parameters
It is well accepted that the architecture of photoactive layer is one of the principle factors that increases the solar cell efficiency. Nowadays, bulk heterojunction (BHJ) structure based on blends of conjugated polymers as electron donors and soluble fullerene derivatives (PCBM) as electron acceptors represent one of the most efficient type of organic photovoltaic devices.
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Here, it is analyzed the photovoltaic properties of the compounds TPRi as donor blended with one derivative of PCBM among three derivatives (C60, C61 and C70), in order to establish a suitable choice for high photovoltaic performance. Alignment of the energy levels in OPV is of great importance to achieve high and an efficient charge transport from the donor polymer to the acceptor fullerene. In Figure 7 , a schematic view of the energy levels of each donor oligomer TPRi and acceptor fullerene derivative in a bulk heterojunction is shown.
For each PCBM derivatives, the difference ∆E LUMO between the LUMO energy levels of (TPRi, i =1-4) and their corresponding theoretical values of are reported in Table S3 (see Supporting information), A graphical comparison of the ∆E LUMO and has been drawn in Figure 8 to represent the results more clearly. As shown in Figure 8 , and ∆E LUMO parameters values depend on the kind of acceptor used in cell due to the difference in energy level LUMO of acceptor. In general, a minimum energy difference of ∼0.3 eV between the LUMO energy levels of the donor polymer and the acceptor is required to guarantee an efficient charge separation at the interface of donor materials and PCBM. From Figure 8 and Table S3 , it is clear that the acceptor that satisfies these exigencies is the PCBM-C60. In this case, the open circuit potential range is 0.752 to 1.050 eV, while the ∆E LUMO is varying between 0.924-1.015eV. These values suggest that the PCBM-C60 can allow a high and favorable TPRi/PCBM-C60 interface for an efficient charge transfer instead others interfaces such as either TPRi/PCBM-C61 or TPRi/PCBM-C70.
Scharber and coworkers 22 have proposed a relationship between PCE of the PCBM-based on BHJ solar cell and the electronic structure of the constituent donor polymer such as E g and the E LUMO level (and in turn the E HOMO ), as shown partially in Figure 9 . We used these values in the Scharber's diagram to estimate the PCE of the BHJ solar cells made of these molecules. The diagram indicates that all TPRi oligomers exhibit similar power conversion efficiency close to 2%. 
Transport and transfer charge properties
In organic semiconductor materials to increase the injection ability for hole and electron lower IP and higher EA is decisive to maintain a good performance. [45] [46] [47] In this section, it is reported the IP and EA values calculated at the B3LYP/6-31‫‬ ‫‬ G(d,p) level of theory, for both vertical and adiabatic approximations, and the extraction potentials HEP and EEP for the hole and electron, respectively. Table 3 reports these values for all studied TPRi calculated using the equations (4)-(6). Table 3 it is clear that both adiabatic and vertical (IP a /IP v ) of substituted compounds TPRi, i=2-4 are (5.690/5.832 eV), (5.707/5,854 eV) and (5.729/5,871 eV) respectively, which are smaller than that those obtained for the parent molecules TPR 1 (6.127/6.271 eV). On the other hand, the vertical EA v values of TPRi, i=1-4 increase in the order of TPR 1 <TPR 2 <TPR 3 <TPR 4 , which is the same order for the adiabatic EA a values with small deviation for TPR1. This result indicates that the ionization potentials become lower and the electronic affinities become higher after substituent by p-dimethoxyphenyle, carbazole and fluorene groups. The changing trends of the IPs and EAs for all oligomers are similar respectively to those evaluated in the case of the extraction potentials for hole HEP and electron EEP (see Table 3 ). Thus, it is concluded that by substitution, the hole and electron-injection abilities are improved in donor-acceptor oligomer TPRi.
On the other hand, λ is one of the dominant factors that influence on the charge-carrier transport rate, according to equation (3) . Another factor is the charge-transfer integral V, which is not generally considered, because it is very small in solid film materials.
18 Table 3 reports the λ + and λ -values calculated through equation (3) . As emitting layer materials, it is necessary to achieve the balance between hole injection and electron acceptance through lower λ values and a bigger charge-transport rate. As shown in this table, there is a little difference of λ + and λ -among TPR 1 and the others compounds. This indicates that when the α-hydrogen in the thiophene ring TPR 1 is replaced by different substituent, the reorganization energies, λ + and λ -, are decreased about 0.01 eV suggesting that there is a slightly improvement in charge carries transport for substituted compounds TPRi, i=2-4. Moreover, all oligomers have nearly a same reorganization energy values for hole and electron transport (the difference among them is the order of 0.04 eV), implying that they may be good ambipolar materials. The calculated λ + of TPR1 is 0.286 eV at the B3LYP/6-31G(d,p) level of theory, which is similar to the value of 2,3-diphenylthieno [3,4-b] pyrazine calculated at B3LYP/6-311G(d,p) level by G . Saranya et al (0.29 eV) , 44 whereas the λ -for TPR1 is 0.244 eV lesser than that of 2,3-diphenylthieno [3,4-b] pyrazine (0.27 eV). 48 Hence, connecting the thiophene rings to the thieno [3,4-b] pyrazine core revealed that the new designed compound formed (TPR 1 ) might be efficient as an electron transporter and as a hole transporter.
Absorption spectra
As illustrated in Table 4 , we found the values of the vertical excitation energy E ex, λ max absorption, the oscillator strength (O.S) and the molecular orbital (MO/character) along with the main excitation configuration of all the compounds. These values are calculated in chloroform and in the gas phase through the TD/DFT method starting with the optimized geometry obtained at the B3LYP/6-31G(d,p) level of theory. From Table 4 , note that the lowest lying singlet excited states for all the title compounds comprise mainly an electronic transition between the HOMO and LUMO. Also, observe that all compounds exhibit a strong absorption band in the visible region around 631-701 nm, which favors the photon harvesting. 49 For parent molecule TPR1, the strongest absorption is located at 635 nm. This value is in agreement with the reported for a similar compound (552 nm). 34 Note that typical conjugated solubilizing groups such as ester groups (situated on phenyl rings of TPR1) contribute to light harvesting and charge transport. 50 Important bathochromic shifts can be noticed upon going from TPR1 to substituted compounds TPR2-TPR4 with a red shift high than 60 nm. This bathochromic effect is due to the increasing of conjugation bond lengths attributed to the substitution by donor electron groups. Similar effects are detected on the oscillator strength. The simulated absorption spectra of the studied compounds obtained at TD/B3LYP/6-31G(d,p) level is shown in Figure 10 . The spectra show that the compounds TPRi, i=1-3 present two bands; one at lower energies from 631 to 702 nm with main intensity; the second one located at higher energies varying from 438 to 478 nm, while the compound TPR4 have just one intense band at low energy situated at 696 nm. This indicates that the compounds TPRi, i=1-3 have a major absorption range (absorb at blue and red shifts) than compound TPR4 (absorb only at red shifts). Furthermore, the difference between wavelengths computed in chloroform and in the gas phase are no more than 27 nm, suggesting that the effect of solvent on the absorption spectra is negligible; which is in agreement with the experimental results for 2,3-disubstitued thieno [3,4-b] pyrazine [51] [52] .
Emission spectra
In order to study the emission photoluminescence properties of TPRi the adiabatic emission spectra were calculated using the optimized geometry of the first excited singlet state at the TD-DFT/B3LYP/6-31G(d,p) level in the gas phase. The calculated emission data are shown in Table 5 . As in the case of the absorption spectra, the emission peaks with the large oscillator strength of the compounds are all assigned to π→π* character arising from S 1 , a HOMO→LUMO transition. When analyzing the transition configuration of the fluorescence, we noted that the calculated fluorescence is the reverse process of the lowest lying absorption. The values calculated of the fluorescence wavelength in the gas phase for TPRi, i=1-4 are located at 831.8, 908.6, 904.1, and 895.3 nm, respectively. All molecules upon study show a greater stokes shift more than 200 nm. It may be explained because of these compounds have a higher degree of planarity in their excited state than ground state which as described above when examining frontier molecular orbitals, HOMO and LUMO. 
CONCLUSIONS
In this work, DFT and TDDFT calculations were carried out to study the electronic, photophysical and charge transfer properties of four selected small molecules based on thienopyrazine-terthienyls (TPRi, i=1-4) at the B3LYP/6-31G(d,p) level of theory. The effect of the substituent on the geometrical, electronic structures and further on the absorption properties is discussed. The absorption spectra were evaluated at the TD-B3LYP/6-31G(d,) level. The modification of the chemical structures of the molecules by introducing different substituent groups may control their HOMO/LUMO energy levels and band gaps. Since these are one of the most important factors determining the efficiencies of the BHJ solar cells made of these D-A molecules. The introduction of p-dimethoxyphenyle, fluorene, and carbazole groups decreases the gaps energies (from 2.27 to 2.06 eV) of resulting D-A molecules and gives rise to bathochromic shift of λ max . The absorption maximums of the compounds are in the range 631-702 nm. This result shows a better overlap of the absorption spectrum with the solar spectrum. The calculated values of V oc of the molecules blended with PCBM-C60 are varying from 0.75 to 1.05 eV. These values are sufficient for a possible efficient electron injection. Therefore, all the studied molecules can be used as material for building solar cells. Based on the Scharber's diagram, all TPRi exhibit similar power conversion efficiency (PCE) close to 2%. Moreover, the calculated data (IPs, EAs, and λ) reveal that the molecules upon study show not only fast but also balanced electron/ hole-transport performances. Thus, they may act as good materials with high efficiency in OLED applications.
